Experiments were performed to determine the effect of plasmalemma ATPase inhibitors on cell potentials (41) and K+ (MRb) influx of corn root tissue over a wide range of K+ activity. N,N'Dicyclohexylcarbodimide (DCCD), oligomycin, and diethylstilbestrol (DES) pretreatment greatly reduced active K+ influx and depolarized 4 at low, but not at high, K+ activity (K°). More comprehensive studies with DCCD and anoxia showed nearly complete inhibition of the active component of K+ influx over a wide range of K0, with no effect on the apparent permeability constant. DCCD had no effect on the electrogenic component of the cell potential (4p) In ?revious papers we have examined the K+ dependence of the 'p in 4-h washed corn roots (11) and the relationship of potential to K4 influx (12). The membrane potential had an electrogenic component which was strongly dependent in magnitude on K°and which had a minimum in the range where 4 = EK (0.5-2 mM K°) (11). This was the same range in which the passive contribution to K+ influx became noticeable (12).
had no effect on the electrogenic component of the cell potential (4p) above 0.2 millimolar K0. Net proton efflux was rapidly reduced 80 to 90% by DCCD. Since tissue ATP content and respiration were only slightly affected by the DCCD-pretreatment, the inhibitions of active K4 influx and 4p at low K0 can be attributed to inhibition of the plasmalemma ATPase.
It is concluded that by DCCD treatment, the energy-linked electrogenic system at high K0 is separated from the energy-linked K+ influx system at low K0. The results are analyzed in terms of electrical analogue models of the membrane. The presence of two, algebraically additive electrogenic components is indicated; one is better modeled as a current source (system I) and one as a voltage source (system II) . No K4 stimulation of system II is required to produce the observed K0 dependence of Op.
In ?revious papers we have examined the K+ dependence of the 'p in 4-h washed corn roots (11) and the relationship of potential to K4 influx (12). The membrane potential had an electrogenic component which was strongly dependent in magnitude on K°and which had a minimum in the range where 4 = EK (0.5-2 mM K°) (11). This was the same range in which the passive contribution to K+ influx became noticeable (12).
In these experiments ip and K+ influx were inhibited by cutting off the energy supply through uncoupling or anoxia. If a membrane ATPase is involved as we (12, 29, 30) and others (19, 23, 31, 33, 35, 36) have postulated, more direct evidence should be obtainable through the use of a plasmalemma ATPase inhibitor. Here, we report such experiments using DCCD, oligomycin, and DES, all of which have been suggested to produce this inhibition.
DCCD is a potent ATPase inhibitor in isolated mitochondria ' Supported by from the National Science Foundation and Contract EY 76-S-02-0790 from the United States Department of Energy.
2 Abbreviations: A, 4AD, and 4,p: total, diffusion, and electrogenic components, respectively, of membrane potential; KO,Ki: external and internal K+ activity; EK: Nernst potential for potassium; DCCD: N,N'-dicyclohexylcarbodiimide; DES: diethylstilbestrol; FCCP: p-fluoromethoxycarbonyl cyanide phenylhydrazone; Pj: permeability coefficient for ion j; pj = Pj/PK-(25), chloroplasts (25) , and plasmalemma fractions from lower (6) and higher (5, 27) plants. In those cases where mode of action has been established, DCCD appears to block H+ transport by covalent binding to the oligomycin-sensitive subunit of the ATPase (25). In higher plants this results in reduced cell enlargement (34), H+ efflux (34) and K+ influx (10), physiological phenomena commonly associated with plasmalemma ATPase. However, DCCD is a potent chemical reagent which has the potential to react at other sites. At high concentrations, DCCD inhibits the basal activity of the (Na+ + K+)-activated ATPase (39). It has been noted to increase membrane permeability in Chara (23), to depolarize and cause loss of pH sensitivity of cell potential in darkened Lemna (31) , to reduce the pH sensitivity of K+ influx in rat liver mitochondria (15) , and to inhibit the H+ translocation associated with Cyt oxidase (9). Some caution is needed in interpreting DCCD responses as due to ATPase inhibition unless confirmed by other ATPase inhibitors.
Oligomycin, on the other hand, is highly specific for the ATPase proton channel of mitochondrial, bacterial, and chloroplast membranes (25). It is also effective in blocking energy-linked ion uptake by higher plant cells (2, 21) . Although oligomycin does not inhibit the K+ stimulated, Mg2+-requiring ATPase of isolated plasmalemma fractions (27, 28) histochemical staining indicates that it blocks both plasmalemma and mitochondrial ATPases in vivo (32).
DES has been reported to be a much more effective inhibitor of the plasmalemma ATPase than of the mitochondrial ATPase (2). However, DES also inhibits oxidative phosphorylation (2). Severe membrane damage has been reported for both plant cells, in which DES causes rapid loss of previously acquired 'Rb label (3), and mitochondria, in which DES caused solubilization of 25-30%o of the mitochondrial protein and nearly complete release of bound Ca2`and Mg24 (8).
In the work reported here, we find that all three inhibitors effectively reduce K+ influx and electrical potential at low K°(in the mechanism I range), but have smaller effects at higher K°(in the mechanism II range). A detailed examination of the action of DCCD shows that while mechanism I is nearly completely inhibited, as evidenced by the reduction of net H+ efflux, active K+ influx, and 4p, the electrogenic system of mechanism II is DCCD insensitive. Possibilities as to the nature of mechanism II are discussed briefly.
Some of these data have been given in a preliminary report (10).
MATERIALS AND METHODS
Methods for raising corn seedlings [Zea mays L., (A619 x Oh43) x A632 Crow's Hybrid Corn Co., Milford, Ill.] , cutting and washing root segments, and determination of cell potential, H+ efflux, and K+ influx were as previously described (11, 12, 17 Figure 1 shows the K0 dependence of in control and DCCD treated tissues under aerobic and anoxic conditions. At K0 = 0.2 mM, both total (4) and anoxic (OD) potentials were unaffected by DCCD, both statistically and, in the case of 4, in continuous single cell recordings over a 30-min treatment period. However, 4, was reduced both at lower and higher K0. Under anoxia, 4,D was unaffected at low K0, but was reduced by DCCD at higher K0. Based upon the linear t criterion (11) under anoxia was a diffusion potential in both treated and untreated tissue. The J parameters are given in Table II . DCCD alters the apparent internal K+ compartmentation, as indicated by the change in slope of the J plot, in a fashion similar to that previously suggested for FCCP; that is, K' as estimated from J is about that of the bulk Agreement between actual K+ influx and that predicted by the passive model ( 12) using the regression values of '1K given in Table   III is shown in Figure 4 , using a log-log plot to encompass the ranges. Where active flux is inhibited by DCCD and/or anoxia the fit is close, deviating by at most a factor of 3.7 in the DCCD treatment at the lowest value of K0. If qK is indeed independent of K0, this must represent a very small remnant ofactive transport.
Still, the reduction of active influx is greater than 98% under this worst case.
The similarity of the regression values of 71K (Table III) suggests that K+ permeability is unaltered by any of the treatments. This differs from the effect of DCCD in Chara, for which Keifer and Spanswick (22) reported an increase in K+ influx and while a1 was reduced, thus giving an apparent increase in PK.
DISCUSSION
In these experiments we applied inhibitors of the plasmalemma ATPase and determined cell potential and K+ influx over a wide range of K0. In the case of DCCD we showed the effects not to be due to a reduction of respiratory energy supply. Using anoxia, we determined the presence of an energy-linked K+ influx and electrogenic potential in the presence of the blocked ATPase. In part, this might be due to imperfect inhibition of the plasmalemma ATPase by DCCD, at least in the deeper layers of the cortex (32), but the fact that the additional inhibition with anoxia was trivial at low K0 compared to high K0 (Table III sum of these two components. The justification for this algebraic approach is given in the appendix. It is worthwhile to consider this separation in light of our previous suggestion that the K+-induced depolarization of 4'p in the mechanism I range represents saturation of the K+ carrier (11).
If we consider that 4p, is nearly completely inhibited by DCCD, and that the remaining anoxia-sensitive potential is attributable Table III, the   p values based on Table I and ok predicted from equation 1. Note that a log-log presentation is used.
to 4 1" regardless of K°, we can also consider that active K+ influx represents an ionic current shunted through the carrier rather than through passive channels. Figure 5 shows 4p redrawn from Figure  2 along A number of speculative mechanisms may be devised for ipl". Perhaps at high K°the ATPase shifts to pumping out K+ or Na+ rather than H+, and it is only the H+ transport that is blocked by the ATPase inhibitors. The failure to detect an increase in net H+ efflux between K°= 0.2 and 4.6 mm (Table IV) might be interpreted in this way, as might the puzzling action of oligomycin (e.g. highly specific for the H+ channel of the ATPase in vivo, but not effective when K+ is extruded or in the isolated, salt saturated plasmalemma ATPase). Other possibilities are a DCCD-insensitive anion influx pump, or pumps that are linked to respiratory electron transfer. There is inadequate basis for pursuing any of these speculations.
Three points should be stressed. First, the effects of the ATPase inhibitors are not sufficiently understood to establish how they interfere with the electrogenic and K+ influx systems. Existing studies with the isolated plasmalemma ATPase cannot be extrapolated to in vivo chemiosmotic models until it can be demonstrated that they pump protons and ions. Second, even if a single ATPase is involved in both functions, the functions are not obligatorily linked as shown by kinetic and electrophysiological studies. Binding of an inhibitor to one site (e.g. a proton channel) might not affect the action at another site of a complex enzyme. Third, regardless of the system(s) involved, all electrogenic parameters are dependent upon respiration. Thus the existence of an electrogenic, K+ carrying, H+ extruding ATPase which is inhibited by ATPase inhibitors and operates in the mechanism I range seems reasonable. However, no such assurance exists for the nature of mechanism II. It is in this range that passive K+ influx dominates, that 4 > EK, and the existence of an electrogenic potential (API') is established; the data cannot be explained by reasonable manipulation of the Goldman-Hodgkin-Katz equation for diffusion potentials (18). At this time it is not profitable to speculate on the biochemical-biophysical mechanisms involved. Analysis of existing models, however, may help clarify the electrical properties which must be explained. This is done for two widely used electrical models in the appendix. Figure 6 . These they have analyzed for their contributions to the electrical conductance of the membrane under an externally applied transmembrane current (23).
In the absence of this current, there can be no net transfer of charge across the cell membrane once 'P is established. Points A and B in Figure 6 are then points of reference for measuring the transmembrane voltage, VAB (equivalent to the experimental parameter 0). Analysis of these circuits to show the effects of varying the circuit parameters is a straightforward matter, yet well worthwhile; familiarity with the circuits allows more reasonable consideration of the implications of experimental results.
In Figure 6a , both batteries are directed the same; thus, in the loop circuit they "buck" each other. If EP # ED, current will flow through the loop. Any current through the pump side must also flow through the diffusion side, and the sum of all the voltage drops around the loop must be zero: (Fig. 6b) the restraint of zero net transmembrane current requires the pump current also flow through rD, and VAB = ED + iprD (A3) Equations A2 and A3 are similar in form to that familiar in other reports (1, 24) . However, it is clear from this analysis that the displacement of VAB from ED (or, experimentally, ' from 'PD) is due to the resistance of the passive channels (rD) (see also ref.
1).
If either Figure 6 , a or b is applicable, so long as the diffusion channels are not blocked in the presence of an electrogenic mechanism (i.e. rD # mo), the potential will be the algebraic sum indicated by equations A2 and A3. Furthermore, if more than one electrogenic system is included, and the further constraint is applied that the current carrying ion for each can not return via another electrogenic system (for example if a proton efflux pump, a sodium efflux pump, and a chloride influx pump all existed in one membrane) it is possible to consider the multisystem circuit shown in Figure 6c . Then the total current, i, which must flow through rD is the sum of the individual pump currents,
and VAB = ED + irD (A5) VAB Will change as ED or any of the individual currents is changed. Our previous experimental convention has been to consider 'pas the algebraic difference between 'P and ADr(analogous to irD rather than to Ep). Equations A4 and A5 justify consideration of 'p as the sum of 0'P and 'p". The significant difference in behavior between the circuits in Figure 6 , a and b is the effect that alteration of parameters has on VAB. In Figure 6a, pendent increase in 4I".
In the circuit of Figure 6b , if ip and rD are constant, it is clear from equation A3 that VAB will be displaced from ED by a constant value, regardless of alteration of ED. Clearly, a current source can increase the electrogenic component (VAB -ED) only through an increase in pump activity. It is, of course, possible for both systems to occur, as shown in Figure 6c , and both characteristics will be maintained. Biologically, the current generator model is perhaps the more appropriate hypothesis for Ap' where AD= constant. If
Op' results from a pump current which can be "short circuited" by K+ influx through the pump, the net ip will be reduced as a result, producing the observations on saturation discussed in the main body of the paper. Throughout this discussion we have considered the resistances to be constant. If the equilibrium conductance equation, F2 g R=F (A8) applies to the passive channels (20) it is obvious that rD is not constant, but decreases with increasing K0. As there has been no analysis which deals with passive conductance in nonequilibrium conditions or with membranes having significant electrogenic mechanisms, it is not certain how rD behaves in tissue. The K0 dependence of rp is also unknown; so long as the relative magnitudes of rD and rp are constant, the analysis of Table VI is valid.
Spanswick (41) has suggested the circuit of Figure 6a applies in Chara, with rD >> rp. Over a limited range, the cell potential does not respond when K°is increased (since the electrogenic mechanism shuts down abruptly above K0 -2 mm (41), it is unclear exactly how much K0 alters the diffusion potential to that point). This appears not to hold in higher plant roots as the potential responds throughout the K0 range to changes in 4{D. Finally note that it will not usually be possible even neglecting electrical coupling effects (13, 16, 40) , to estimate Ep, in Figure 6a , by measuring resistance to an applied current. Using that technique, Ryan et al. (38) found the K transference number in Nitella to be 0.83; i.e. 83% of the injected current is carried by K+ through the membrane, yet the calculated passive K+ conductance, (based on tracer flux in the absence of an applied current) was 20-fold too low to account for this. They concluded that the conductance equation (equation A8) normally used does not apply when a net current is passed across the membrane. Plant Physiol. Vol. 65, 1980 
